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Abstract Numerous human thermal climate indices have
been proposed. It is a manifestation of the perceived impor-
tance of the thermal environment within the scientific com-
munity and a desire to quantify it. Schemes used differ in
approach according to the number of variables taken into ac-
count, the rationale employed, and the particular design for
application. They also vary considerably in type and quality,
method used to express output, as well as in several other
aspects. In light of this, a three-stage project was undertaken
to deliver a comprehensive documentation, classification, and
overall evaluation of the full range of existing human thermal
climate indices. The first stage of the project produced a com-
prehensive register of as many thermal indices as could be
found, 165 in all. The second stage devised a sorting scheme
of these human thermal climate indices that grouped them
according to eight primary classification categories. This, the
third stage of the project, evaluates the indices. Six evaluation
criteria, namely validity, usability, transparency, sophistica-
tion, completeness, and scope, are used collectively as evalu-
ation criteria to rate each index scheme. The evaluation criteria
are used to assign a score that varies between 1 and 5, 5 being
the highest. The indices with the highest in each of the eight
primary classification categories are discussed. The work is
the final stage of a study of the all human thermal climatic
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indices that could be found in literature. Others have consid-
ered the topic, but this study is the first detailed, genuinely
comprehensive, and systematic comparison. The results make
it simpler to locate and compare indices. It is now easier for
users to reflect on the merits of all available thermal indices
and decide which is most suitable for a particular application
or investigation.

Keywords Thermal indices - Human climate assessment -
Index evaluation

Introduction

Human well-being is a function of the multifaceted influence
of many environmental factors, one of which is the thermal
state of the environment. The latter involves the interaction of
a great variety of factors such as air temperature, humidity,
wind, and solar radiation and influence of the surrounds on
these. There is also the human condition to consider. This
includes physiological and behavioral variables such as activ-
ity level, clothing, posture, and the like. In reality, all these
variables come together in a complex way. The huge number
of human thermal climate indices that have been proposed
over the past 100 years or so is a manifestation of the per-
ceived importance within the scientific community of the ther-
mal environment to society and a desire to quantify it. The
index schemes used differ in approach according to the num-
ber of variables taken into account, the rationale employed,
the relative sophistication of the underlying body-atmosphere
heat exchange theory, and the particular design for applica-
tion. They also vary considerably in type and quality, as well
as many other aspects. A comprehensive overview of this
range of features was undertaken to address this matter in a
research project of three parts. The first part aimed to identify
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all indices that have been developed and create a detailed
register or catalogue of these. The second part of the project
set out to devise and apply a primary classification scheme
that sorts indices by type. The results of these two parts of the
project are reported by de Freitas and Grigorieva (2015).
Those presented here are from the third and final part of the
project that aims to evaluate these indices. The various stages
are summarized below.

Stage 1: index register

The first part of the project was a thorough search of the
literature to identify all human thermal climate indices that
have been developed and reported in the scientific literature.
No index was intentionally excluded. This work produced a
comprehensive register of as many thermal indices as could be
found, 165 in all. The definition of a human thermal index is
taken to be any parameter or indicator reported in the scientific
literature that purports to represent or signify the state or sig-
nificance of the thermal environment for an individual or
group of individuals. This includes even straightforward cli-
mate variables or terms such as wet bulb temperature, satura-
tion deficit, etc. All cases that meet the definition were incor-
porated in the full index register given in de Freitas and
Grigorieva (2015).

Since the initial classification work (de Freitas and
Grigorieva 2015), three additional indices have been uncov-
ered. They are added here to the previous total of 162 indices.
The first is the Mahoney Scale (MS), proposed by Mahoney
(1967) and cited by Ogunsote and Prucnal-Ogunsote (2003),
and second the Evans Scale (ES), designed by Evans (1980)
and cited by Ogunsote and Prucnal-Ogunsote (2003). Both of
these indices fall into class E (“Proxy thermal stress index”)
and assigned for use in a warm temperature range with weath-
er classes as an output. They incorporate both air temperature
and humidity, but ES includes body-related inputs of clothing
insulation and metabolic rate. The third is the adaptation strain
index (ASI) for tourists by Btazejczyk and Vinogradowa
(2014). The ASI belongs in class H (“Special purpose index”)
and is very similar to the bioclimatic contrast index (BCI) also
by Blazejczyk (2011).

Stage 2: classification

The common rationale underpinning schemes to devise hu-
man thermal climate indices is to integrate the heat-related
aspects of the environment and the human body in a way that
gives meaning to the thermal significance of conditions. The
single unifying attribute is energy exchange, or net thermal
state, but proxies for this may be used. For instance, temper-
ature equivalent is a commonly used as a proxy for the com-
bined thermal impact on the body of several thermally rele-
vant variables. The rationale for this is the thermal
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significance of any given air temperature can be imagined
by most people based on their experience of various ambient
conditions of heat and cold. There are many other approaches,
specific references to which are given in some detail by de
Freitas and Grigorieva (2015). However, the extent to which
an index represents the true significance of thermal conditions
depends not only on how correctly the thermal facets of the
body and environment have been integrated, but also on a
variety of other considerations that relate to its utility.

Many thermal index classification schemes suffer from a
number of problems most often related to overlap between
categories used or incomplete coverage of all index types.
Robust schemes must ensure that the primary classification
classes comprise a well-defined and mutually exclusive prop-
erties or characteristics of a class. Moreover, the list of primary
classification classes must encompass collectively exhaustive
aspects, properties, or characteristics of all indices that may
exist.

De Freitas and Grigorieva (2015) point to the fact that
classification schemes so far proposed suffer from a number
of drawbacks most often related to overlap between categories
or incomplete coverage of all index types. Robust schemes, as
in faceted classification (Broughton 2001), must ensure that
the primary classification classes comprise well-defined and
mutually exclusive properties or characteristics of a class.
Moreover, the list of primary classification classes must en-
compass collectively exhaustive aspects, properties, or char-
acteristics of all indices that may exist.

The scheme introduced in the first stage of the current
project is guided by these criteria. The classification scheme
produced comprises of eight primary classification categories
with the following letter identifiers and descriptive labels: (a)
simulation device for integrated measurement, (b) single-
sensor (single-parameter) index, (c) index based on algebraic
or statistical model, (d) proxy thermal strain index, (e) proxy
thermal stress index, (f) energy balance strain index, (g) ener-
gy balance stress index, and (h) special purpose index. Each of
the 162 indices listed in Table 1 by de Freitas and Grigorieva
(2015) is classified according to this schema, with the classi-
fication class identified by letters A to H from the above list
and entered in the far right column of the table. The word
“proxy” in C and D is used in place “empirical,” the inferred
meaning of which is considered too strong, as it can imply
“first hand.” Proxy implies “a substitute for,” or “alternative
to,” the energy balance approach.

Stage 3: evaluation of indices

The various index schemes proposed, to date, vary in ap-
proach according to the number of variables taken into ac-
count, the rationale employed, the relative sophistication of
the scheme, and methods used to express output. Virtually,
all indices have a particular “design for application” in that
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there is a purpose or reason for the index, usually related to
thermal comfort, physical well-being, or environmental risk.
They vary considerably in type and quality, as well as many
other aspects. The aim in the third and final stage of the project
is to evaluate the indices in each of the eight classification
categories described above by grading them according to the
extent to which they meet the various evaluation criteria.

Background to the evaluation scheme

Given the great variety of thermal indices that exist, it is clear
that there is not a single unifying technique to evaluate all
indices across all eight primary classification categories.
Even within each index class, it is not a straight forward matter
to assess the quality of a specific index. The evaluation meth-
od used here was informed by the work of Graveling et al.
(1988), Ott and Thom (1976), Keller and Kuvakin (1998), and
Keyantash and Dracup (2002). Graveling et al. (1988) consid-
er evaluation schemes devised for assessing thermal condi-
tions or workers in hot conditions in mining. They report on
the work by the US National Institute for Occupational Safety
and Health (NIOSH, 1986) that proposed the following
criteria should be satisfied by any thermal index being consid-
ered for industrial use: (a) applicability should be proven in
industrial use, (b) all important factors should be incorporated
in the index scheme, (c) measurements and calculations re-
quired should be simple, (d) included factors should have a
valid weight in relation to total physiological strain, and (e)
usable for setting regulatory limits.

Ott and Thom (1976) provide a critical review of air pollu-
tion index systems in the USA and Canada. They report that
the criteria for a uniform air pollution index should possess the
following desirable features: (a) The meaning of the index
should be easily understood by the public. (b) The index
should transform the atmospheric concentration units of each
pollutant into a non-dimensional number which is also easily
understood by the public. (¢) The index should include all
major pollutants. (d) The index should be capable of being
calculated in a simple manner using reasonable assumptions.
(e) The index should be based on a reasonable scientific
premise.

By way of background, Keller and Kuvakin (1998) put
forward the following diagnostic criteria for the assessment
of an index used for characterizing the impact of the physical
environment on human health: (a) confidence of metric or
index scoring method, (b) its variability in time and space,
(c) the possibility of extrapolating and comparing the resulting
(observable) index values, (d) the extent to which separate
indices may be combined or summed and the nature and sig-
nificance of changes of meaning, and (e) the logistical, finan-
cial, and other difficulties in obtaining index values.
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Along similar conceptual lines, Keyantash and Dracup
(2002) developed a scheme for the climatic evaluation of
indices of drought. They devise a set of six weighted
evaluation criteria and assigned values (1 to 5, 5 being
the highest) to each of the indices. The criteria were de-
cided based on desirable properties that a drought index
should ideally possess, namely robustness, tractability,
transparency, sophistication, extendibility, and
dimensionality.

Method

The rationale underpinning index evaluation schemes is that
the various indices should be compared with like indices.
Hence, the evaluations reported here are for indices within
each one of eight primary classification categories. Based on
the work described above (Graveling et al. 1988, Ott and
Thom 1976, Keller and Kuvakin 1998, Keyantash and
Dracup 2002), we suggest six criteria in no particular order
of importance, namely comprehensiveness, scope, sophistica-
tion, transparency, usability, and validity. No particular merit
is assigned to when an index was developed. Clearly, the list
of criteria may be condensed or expanded, but we consider
these six criteria provide a reasonable framework for the eval-
uation of thermal indices without excessive complication.
Within each of the six sets of evaluation criteria, there are
pointers that guide the scoring process, as follows:

Comprehensiveness A comprehensive index would include
all major factors contributing to thermal stress or strain, such
as air temperature, humidity (for heat), air movement (for both
heat and cold), metabolic rate, solar heat load, mean radiant
temperature, and clothing. Frequently, in statistical modeling,
there is conscious attempt to approximate thermal conditions
using variables that make calculations as simple as possible,
but not at the expense of completeness. The simplicity in
approach is accounted for in the “Usability™ criterion below.
However, the usefulness of an index will depend on its accu-
racy. In energy balance modeling, for example, a common
assumption is that the more variables accounted for in the
index scheme, the better the index, but inevitably, there are
errors in each one and the computational procedure is more
complex. Collectively, the errors for each node and group of
variables could be large. Say the indices give the net energy
balance of the body. How do you know what the true energy
balance of the body is? You will only know this if you monitor
a human body (or mannequin) in a controlled setting. This is
accounted for in the “Validity” criterion below.

Scope Scope, or extendibility, refers to the range of environ-
mental conditions over which the index may be used. It is the
degree to which an index may be extended to apply across
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time to a variety of scenarios, or environmental exposure
limits. For instance, an index may apply to cool or cold con-
ditions, rather than the full range of hot to cold. Likewise, an
index may be suitable for use in low wind speeds, or for
people with a single (steady) metabolic rate or clothing state.
This does not mean that a particular index, such as the wind
chill index, is “poor”; only that it is designed specifically for
cold or cool conditions, thus is not extendable across the full
range of thermal environmental conditions.

Sophistication Sophistication reflects the conceptual merits
of an approach. It would include an index scheme that is
theoretically sound and grounded in well-established biocli-
matic processes. Theoretical sophistication should incorporate
empirically tested methods that are backed by research find-
ings reported in the relevant scientific literature.

Transparency Transparency considers the clarity of and jus-
tification for the rationale behind the index. For example, a
mysterious algebraic function added to the computational pro-
cedure for deriving the index would make that rationale for the
index ambiguous. That is not to say deterministic models are
better than empirical models, or vice versa; rather that the
reasoning underpinning the model is both clear and justifiable.
A classic example of a climatic index that lacks transparency
is Thornthwaite’s equation for calculating potential evapo-
transpiration (Thornthwaite 1948; Thornthwaite et al. 1957).

Usability Usability, or tractability, is concerned with how eas-
ily the index scheme can be applied. It represents the practical
aspects of the index. For example, a tractable index does not
require high-level numerical computing and the actual stages
of the computation should not be particularly complicated. An
intractable index would require non-standard data or data that
is collected especially for use in the index scheme or one that
does not need a wide-ranging historical database for its com-
putation. Usability also includes the ease with which index
values (or output) can be interpreted. Ideally, the meaning of
the index should be easily understood by a layperson.

Validity The validity of an index is related to how well or
reliably the index value mirrors the actual heat stress to which
the human body is subjected or how that relates to thermal
strain. Validation and testing in the derivation of an index are
most often undertaken through laboratory or field studies.
The strengths and weaknesses of the various human ther-
mal indices and how those characteristics relate to the evalu-
ation criteria were considered in the assignment of the scores
for all indices within each the eight index classification cate-
gories. The six evaluation criteria are used to assign a score
that varies between 1 and 5, 5 being the highest, and “0,”
when a particular evaluation criterion is not offered (or does
not appear). The question arises as to whether or not to assign

weightings to criteria to reflect the relative importance of each
evaluation criterion. This was the approach adopted by
Keyantash and Dracup (2002). In the present circumstances,
the decision was made to assign equal weightings to each of
the six evaluation criteria. This is because it can be convinc-
ingly argued that each of the criteria cover attributes of ther-
mal indices that could be individually of equivalent
importance.

Scoring procedure

The scoring process presents challenges, but consistency is a
key concern. The use of index performance indicators assists
in this. They are embodied in the six evaluation criteria and
guide the scoring process. The performance indicators shown
in Table 1 include: (a) the thermal conditions (or temperature
range) across which the index is deemed to apply, (b) whether
the index is designed for “passive” or “active” metabolic
states or both, (c) listing of variable atmosphere-related inputs
to the index scheme, (d) variable body-related inputs such as
metabolic rate and clothing, (e) units used to express the in-
dex. Further indicators include assessments of whether or not
the index is: (f) an index of thermal environmental stress or an
index of thermophysiological strain, (g) an absolute or relative
measure of thermal conditions, (h) based on biophysical body-
atmosphere heat (energy) budgets, and (i) has been experi-
mentally tested and validated.

Several of the performance indicators have already been
employed via the classification scheme of de Freitas and
Grigorieva (2015). For instance: (h) “based on biophysical
body-atmosphere heat (energy) balance” is taken into account
by placing such indices within classes (F) and (G) of the clas-
sification scheme and (f) “thermal environmental stress or
thermophysiological strain” is taken into account by sorting
indices into either classes (D) and (F) or classes (E) and (G),
respectively, in the classification scheme.

Additionally, questions guide the scoring within each of the
six evaluation criteria, as follows:

Comprehensiveness How many variables contributing to
thermal stress or strain are included in the index scheme?
(for example, air temperature, humidity, air movement, meta-
bolic rate, solar heat load, mean radiant temperature, clothing).

Scoring: “1” for each variable, and “5” for five variables or
more.

Scope Over what range of environmental conditions may in-
dex be used?

Scoring: “1” for narrow range, “3” for broad range, “4” if
index covers both cold and cool conditions (for example, in-
dices for clothing insulation), and “5” if index covers both hot
and cold conditions.
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Sophistication What are conceptual merits of the approach?

Scoring: “5” for all indices in the classification Classes (F)
and (G), “4” for all indices in Classes (D) and (E), “3” for
Class (C) indices, and “2” for indices in Classes (A) and (B).
Special Purpose Class (H) indices to be scored depending on
methods (A to G) used.

Transparency Are the use of all terms in the index scheme
justified?

Scoring: “5” for all justified, “3” for most cases, “2,” or
“1” for poorly; “0” for none justified.

Usability How easily the index scheme can be applied? (a)
Computational procedure is straightforward. (b) Requires on-
ly standard data. (c) Output easy to interpret.

Scoring: “5” if (a) and (b) and (c) are present; “3” if only
two of (a), (b), or (c) are present; “1” if only one of (a), (b), or
(c) are present; “0” if none of (a), (b), or (¢) is present.

Validity Has the index been developed from or tested with
empirical laboratory of field-based data?

Scoring: “5” for indices derived from or tested with labo-
ratory or field-based empirical data; “4” if index is compared
against more than one fully validated index; “3” if index is
compared against one fully validated index; “2” if using a
“rational scheme” but has not been validated; and “0” if not
validated. “Rational indices” are those that are based on body-
atmosphere energy exchange approximations, or those that
predict well-established thermophysiological parameters; for
example, those that predict sweat rate, body core temperature
or change in core temperature, heart rate, or those that predict
a combination of two or more of these physiological
parameters.

Results

The index evaluation procedure described above is consistent
in that it addresses each of the performance indicator questions
in turn to direct the scoring in all of the six evaluation criteria.
Where a particular score is uncertain, the benefit of doubt is
given and the higher score option is chosen. To provide
supporting information, characteristics and attributes of the
comprehensive list of the 165 human thermal bioclimatic in-
dices are given in Table 1 along with name and sources in
columns (a) and (b) and performance indicators in columns
from (c) to (k). Table 2 gives the scoring in each of the six
evaluation criteria as well as the total evaluation score for each
index. The maximum score for any index is 30.

It is apparent from Table 2 that indices based on single-
variables score the lowest (highest score of 14/30). These are
followed by simulation devices for integrated measurement
(highest score of 18/30), and next indices based on statistical
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models (highest score of 23/30) and then proxy indices
(highest score of 25/30). Indices based on body-environment
energy balance score the highest (highest score of 28/30).
Special purpose indices generally score reasonably well, as
would be expected.

The Thermo-Integrator (score 18) and Resultant thermometer
(score 17) stand out as the two best in the category of
“simulation devices for integrated measurement” (A Class in
Table 2). Air temperature (score 14) is the best “single variable
index” (B Class in Table 2), and net effective temperature (score
23) is the best “algebraic or statistical model” index (C Class in
Table 2). Among the proxy indices, in both the strain (D Class in
Table 2) and stress (E Class) categories, several score in the mid-
20s. The top performers in the “proxy thermal strain index”
category (D Class in Table 2) are the cold strain index (score
23), index of physiological effect (score 24), integral index of
cooling conditions (score 23), and predicted four-hour sweat rate
(score 24). The top performers in the proxy thermal stress index
category (Class E in Table 2) are classification of weather in
moments (score 25), effective temperature (score 25), index of
pathogenicity of meteorological environment (score 24), modi-
fied effective temperature (score 24), and spatial synoptic clas-
sification (score 24).

The best performing indices in the “energy balance strain
index” class (F Class in Table 2) score as well as the best
performing indices in the “energy balance stress index” class
(G Class in Table 2). The difference is that there are 10 thermal
stress indices that score higher than 27 while there are only
four in the strain category. This is likely a result of the fact that,
over time, more attention has been given to developing indices
of environmental stress.

Indices that score 27 or better in the category energy bal-
ance strain index (Class F in Table 2) are the body-atmosphere
energy exchange index (score 28), physiological strain (score
27), respiratory heat loss (score 28), skin temperature energy
balance index (score 28), and subjective temperature index
(score 28). Indices that score 27 or better in the category en-
ergy balance stress index (Class G in Table 2) are clothing
insulation (score 27), heat budget index (score 28), outdoor
apparent temperature (score 27), perceived temperature (score
27), standard effective temperature for outdoors (score 28),
thermal balance (score 27), thermal insulation of clothing
(TIC,) (score 28), thermal insulation of clothing (TICp)
(score 27), thermal sensation (TSGIV) (score 28), and (uni-
versal thermal climate index) (score 27).

The detailed information in Table 2 provides insights into the
scoring. In some cases, the performance of several indices in a
particular class may be close, so much so that the relative differ-
ence is difficult to call. For instance, UTCI is a comprehensive,
thermophysiolgically based energy balance index that scores
highly in all sets of criteria. Because the index is derived from
a multi-node model, it is very difficult to calculate, so the usabil-
ity score is not the highest possible. Parsons (2014, p. 510) has
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Table2  The list of 165 human thermal bioclimatic indices in eight classes sophistication, transparency, usability, and validity) are given in the text.
giving total performance score for each index. Questions that guide the The maximum score for each criterion is 5; thus, the maximum score for
scoring in each of the six evaluation criteria (comprehensiveness, scope, any index is 30

(a) (®) © @ (e) ® (€3] (h)
Index Comprehensiveness Scope Sophistication Transparency Usability Validity Total

A. Simulation device for integrated measurement

Black sphere actinograph 1 3 2 2 0 11
Cylinder (C) (modification of Tg as given in Brown and 1 5 2 2 3 0 13
Gillespie 1986)
Ellipsoid index 2 1 2 3 3 0 11
Eupathescope (Eupatheostat) 3 3 2 2 3 0 13
Frigorimeter 1 3 2 2 3 0 11
Globe Thermometer Temperature (Tg) 1 5 2 1 3 0 12
Kata thermometer 4 3 2 1 3 0 13
Metal man (thermal manikin) 1 3 2 3 3 0 12
Resultant thermometer 5 3 2 2 3 0 17
Thermo—Integrator 3 3 2 2 3 5 18
Wet Globe Temperature (WGT) or Botsball 3 3 2 2 3 0 13
B. Single—sensor (single—parameter) index
Air temperature (T,) 1 5 2 1 5 0 14
Dewpoint temperature 1 3 2 1 5 0 12
Physical saturation deficit 1 3 2 1 3 0 10
Saturation deficit 1 3 2 3 3 0 12
Sultriness value 1 3 2 1 3 0 10
Wet Bulb Temperature (Twb) 2 3 2 2 5 0 14
C. Algebraic or statistical model
Air Enthalpy (AirE) or (i) 3 3 3 2 5 0 16
Apparent Temperature (AT) 2 3 3 2 5 0 15
Belgian Effective Temperature (BET or TEL) 1 3 3 2 3 5 17
Biometeorological Comfort Index (BCI) 3 3 3 2 5 0 16
Bodman’s Weather Severity Index (BWSI) or (S) 2 3 3 2 5 3 18
Comfort Vote (CmV) or (S) 5 2 3 3 3 5 21
Cumulative Discomfort Index (CumDI) 2 3 3 2 5 0 15
Discomfort Index (Dlt) or Temperature Humidity Index 2 3 3 2 3 5 18
(THI)
Discomfort Index (Dl) 2 3 3 2 3 0 13
Effective Temperature (ETyy) 2 5 3 2 5 5 22
Environmental Stress Index (ESI) 3 3 3 3 5 5 22
Equatorial Comfort Index (ECI) or Singapore Index 3 3 3 3 5 5 22
Equivalent Effective Temperature (EET) 4 5 3 3 5 0 20
Equivalent Warmth (EqW) 4 1 3 3 5 5 21
Humidex (HD) 2 3 3 2 5 0 15
Humisery 4 3 3 2 5 0 17
Humiture 2 3 3 2 5 0 15
Increment Temperature Equivalent to Radiation Load 5 1 3 3 1 5 18
(ITER)
Index of thermal sensation (ITSN) 4 1 3 2 1 5 16
Insulation Predicted index (Iclp) 3 3 3 2 5 0 16
Modified Discomfort Index (MDI) 2 1 3 2 5 5 18
Oxford Index (OxI) or Wet—Dry Index (WD) 2 1 3 2 3 5 16
Perceived Temperature (PTy) Gefiihlte Temperature 3 1 3 2 3 0 12
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Table 2 (continued)

(@ (©) © (d) © ® (® ()
Index Comprehensiveness Scope Sophistication Transparency Usability Validity Total
Relative Humidity Dry Temperature (RHDT) 3 1 3 2 3 5 16
Resultant Temperature (RT) or Net Effective Temp. (NET) 4 5 3 3 5 3 23
Severity Rating (S) 4 3 3 3 5 3 21
Subjective Temperature (ST) 5 1 3 2 5 0 16
Summer Simmer Index (SumSI) 2 3 3 2 5 0 15
Temperature Humidity Index (THIg) 2 3 3 2 5 0 15
Temperature—Wind Speed—Humidity Index (TWH) 3 5 3 3 3 0 17
Thermal—insulation Characteristics of Clothing (TICC) 3 5 3 3 5 0 19
Tropical summer index (Tsi) 3 3 3 2 3 5 19
Wet Bulb Globe Temperature (WBGT) 3 3 3 3 3 5 20
Wet—bulb dry temperature (WBDT) 2 3 3 2 3 5 18
Wet Kata Cooling Power by Hill (WKCP) (H,,) 3 5 3 3 5 0 19
Wind Chill Equivalent Temperature (WCTwc) (Twc) 3 5 3 3 3 0 17
Wind Chill Index (WCI) 2 3 3 3 5 0 16
D. Proxy thermal strain index
Cold Strain Index (CSI) 2 3 4 4 5 5 23
Cumulative Heat Strain Index (CHSI) 2 1 4 4 1 5 17
Index of Physiological Effect (IPhysE) or (Ep) 5 3 4 4 3 5 24
Index of Thermal Stress (ITSk) (N) 4 5 4 4 5 0 22
Integral Index of Cooling Conditions (IICC) 4 3 4 4 5 3 23
Mean Equivalence Lines (MEL) 3 3 4 4 3 5 22
Perceptual Hyperthermia Index (PHI) 3 1 4 4 1 5 18
Perceptual strain index (PeSI) 4 1 4 4 1 5 19
Physiological Heat Exposure Limit (PHEL) Chart 5 1 4 4 3 5 22
Physiological Index of Strain (Is) 3 3 4 4 3 5 20
Physiological Strain Index (PSI) 2 3 4 4 3 5 19
Predicted Four—hour Sweat Rate (P4SR) 5 3 4 4 3 5 24
Skin Temperature (SkT) or (tsk) 5 3 4 4 1 5 22
Skin wettedness (SkW) 2 3 4 4 3 5 21
E. Proxy thermal stress index
Bioclimatic Index of the Severity of Climatic Regime 5 5 4 4 3 0 21
(BISCR)
Classification of Weather in Moments (CWM) 4 5 4 4 5 3 25
Comfort Index (CI) 2 5 4 4 5 0 20
Corrected Effective Temperature (CET) 4 3 4 4
Daily Weather Types (DWT) 5 3 4 4 3 3 22
Effective Temperature (ET) 4 3 4 4 5 5 25
Index of Pathogenicity of Meteorological Environment 5 5 4 4 3 3 24
(IPME)
Index of Sultriness Intensity (ISI) 2 3 4 4 5 0 18
Evans Scale (ES) 4 3 4 3 5 0 19
Mahoney Scale (MS) 2 3 4 3 5 0 17
Meteorological Health Index (MHI) 5 5 4 4 5 0 23
Modified Effective Temperature (MET) 5 3 4 4 3 5 24
Spatial Synoptic Classification (SSC) 5 5 4 4 3 3 24
Summer Severity Index (SSI) or (I,,) 5 3 4 3 3 0 18
Thermal Sensation Index (TSNI) (S) 5 1 4 4 3 5 22
Wind Effect Index (WEI) 3 5 4 3 5 0 20
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Table 2 (continued)

(a) (W] (© (@ (e ® (& ()
Index Comprehensiveness Scope Sophistication Transparency Usability Validity Total

F. Energy balance strain index

Body—atmosphere Energy Exchange Index (BIODEX) 5 5 5 5 3 5 28
Body Temperature Index (BTI) 5 1 5 5 3 5 24
Effective Heat Strain Index (EHSI) 5 1 5 5 3 2 21
Equilibrium Rectal Temperature (ERT) or(T,..) 5 1 5 5 5 5 26
Exposed Skin Temperature (EST) 4 3 5 5 5 2 22
Heart Rate Index (HRIG) 5 1 5 5 3 5 24
Heart Rate Index (HRIp) 5 1 5 5 3 5 24
Heat Strain Decision Aid Model (HSDA) 5 1 5 5 3 5 24
Heat Stress Index — Belding and Hatch (HSIgy) 5 1 5 5 5 5 26
Heat Stress Prediction Model (HSPM) or Heat Strain Model 5 1 5 5 5 5 26
Index of Thermal Stress (ITS) 5 1 5 5 3 5 24
Heat Tolerance Limits (HTL) 5 3 4 4 3 5 24
Maximum Exposure Time (MET) 5 3 5 5 5 2 25
Maximum Recommended Duration of Exercises (MRDE) 4 3 5 5 3 2 22
Physiological Strain(PhS) 5 5 5 5 3 4 27
Physiological Subjective Temperature (PST) 5 5 5 5 3 2 23
Predicted Heat Strain (PHS) 5 1 5 5 5 5 26
Reference Index (RI) 5 1 5 5 3 5 24
Relative Heat Strain (RHS) 5 3 5 5 5 2 25
Required Sweat Rate (Req SR) 5 3 5 5 3 5 26
Respiratory Heat Loss (RHL) (Qr) 5 5 5 5 3 3 26
Skin Temperature Energy Balance Index (STEBIDEX) 5 5 5 5 3 5 28
Subjective Temperature Index (STT) 5 5 5 5 5 3 28
Survival Time Outdoors in Extreme Cold (STOEC) 4 3 5 5 5 2 24
Thermal Acceptance Ratio (TAR) 4 1 5 5 1 5 21
Thermal Discomfort (DISC) 5 1 5 5 1 2 19
Thermal Strain Index (TSI) 5 3 5 5 3 2 20
Thermal Work Limit (TWL) 5 1 5 5 3 5 24
G. Energy balance stress index
Air Cooling Power (ACP) 5 1 5 5 3 2 21
Apparent Temperature (AT) or Heat Index (HI) 5 3 5 5 3 2 23
Climate Index (CLIM) 3 5 5 5 3 2 23
Clothing Insulation (Ic) 5 5 5 5 5 2 27
Clothing Thickness (Clo) 3 3 5 5 5 2 23
Comfort Chart (CmCh) 4 3 3 3 3 0 16
Heat Budget Index (HEBIDEX) 5 5 5 5 3 5 28
Heat Stress Index (HSIwk) 5 3 5 5 5 3 26
Humid Operative Temperature (HToh) 5 3 5 5 3 3 24
Index of Clothing Required for Comfort (CLODEX) 5 4 5 5 5 2 26
Modified (Reduced) Temperature (MTTR) or (T,,,) 3 3 5 5 5 2 23
Natural Wet Bulb Temperature NWBT) or (Tn) 4 5 5 5 5 2 26
New Effective Temperature (ET*) 5 3 5 5 5 3 26
New Wind Chill Temperature Index (NWCI or WCET) 2 4 5 5 5 5 26
Operative Temperature (OpT) or (To) 3 3 5 5 5 5 26
Outdoor Apparent Temperature (OAT) 5 5 5 5 5 2 27
Outdoor Thermal Environment Index (OTEI) or (ETVO) 5 5 5 5 3 2 25
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Table 2 (continued)

(@ (©) © (d) © ® (® ()

Index Comprehensiveness Scope Sophistication Transparency Usability Validity Total
Perceived Temperature (PT) 5 5 5 5 5 2 27
Physiological Equivalent Temperature (PET) 5 5 5 5 3 3 26
Predicted Mean Vote — indoors (PMV) 5 1 5 5 3 5 24
Predicted Mean Vote — outdoors (PMV*) 5 3 5 5 3 2 23
Predicted Mean Vote — Fuzzy (PM V) 5 4 5 5 3 2 24
Predicted Mean Vote — outdoors (PMVo) 5 5 5 5 3 2 25
Predicted Percentage Dissatisfied (PPD) Index 5 1 5 5 3 5 24
Qs Index 5 3 5 5 3 4 22
Quotient of Heat Stress (Qqirn) 5 3 3 3 1 5 20
Radiation Equivalent Effective Temperature (REET) 4 3 5 5 5 2 24
Required Clothing Insulation (Ieq) 5 4 5 5 3 4 26
Standard Effective Temperature (SET*) 5 3 5 5 3 5 26
Standard Effective Temperature for Outdoors (OUT _SET*) 5 5 5 5 3 5 28
Standard Operative Temperature (To") 4 3 5 5 3 5 25
Still Shade Temperature (SST) 4 3 5 5 5 2 24
Thermal Balance (ThBal) (Q,) 5 5 5 5 5 2 27
Thermal Insulation of Clothing (TIC,) 5 4 5 5 5 4 28
Thermal Insulation of Clothing (TICg) 4 4 5 5 5 4 27
Thermal Insulation of Clothing (TICR) 5 4 5 5 5 2 26
Thermal Insulation of Protective Clothing (TIPC) 3 3 5 5 5 5 26
Thermal Resistance of Clothing (TRC) 3 4 5 5 3 4 24
Thermal Sensation (TSGIV) 5 3 5 5 5 5 28
Total Thermal Stress (TTS) 5 5 5 5 3 2 25
Universal Thermal Climate Index (UTCI) 5 5 5 5 3 4 27
Wind Chill Equivalent Temperature (WCET) 2 3 5 5 5 2 22

H. Special purpose index
Adaptation Strain Index (ASI) 5 5 5 4 3 2 24
Acclimatization Thermal Strain Index (ATSI) 5 5 5 4 5 2 26
Bioclimatic Contrast Index (BCI) 5 5 5 4 3 2 24
Bioclimatic Distance Index (BDI) 5 5 5 4 5 2 26
Draught Risk Index (DRI) or (PD) 2 1 3 5 1 5 17
Grade of Heat Strain (GHSI) (HRIyy) 5 2 5 5 1 5 23
Heat Tolerance Index (HTT) 4 1 3 3 3 5 19
Integral Load Index (ILI) 5 5 3 5 3 3 24
Predicted effects of heat acclimatization (PEHA) 5 1 4 5 3 3 21
Weather Stress Index (WSI) 5 5 5 4 3 0 22
Weather—Climate Contrasts (WCC) 5 5 3 3 5 3 24

also commented on this. However, it is reasonable to argue that
once user-friendly routines are made available (on a website,
say) to run the calculations and the appropriate models are on
hand to produce the necessary input data based on available
meteorological data and routines, the usability would achieve a
top score. Similarly, since the index has been compared with
others, it might be claimed it meets acceptable standards of
validation. Brode et al. (2012) compare the UTCI with ISO
standards methods and note limitations of UTCI owing to a
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fixed metabolic rate and limited clothing. Clearly, the impor-
tance of these considerations is debatable and users of that index
and others should be free to decide.

Discussion

The 165 index schemes identified here differ according to the
kind of modeling or rationale employed, number of
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atmospheric and physiological variables taken into account,
and the particular design for application. They also vary con-
siderably the method used to express output. Given that there
are 165 indices from which to choose, the one selected for any
particular application will depend on the context in which it is
being used and data availability. In some cases, ease of inter-
pretation might be of primary concern; in others, simplicity in
calculation might be the overriding consideration. In this
sense, there is no “best” index. It is clear the best performing
indices are those of the body-atmosphere energy balance va-
riety. The downside is that all of them involved more compli-
cated calculation routines and more detailed input data.
Although body-atmosphere energy balance indices are more
sophisticated in every respect as well as more “rational” as
they approximate reality, they are often based on numerical
models that have not been validated. This is the biggest prob-
lem. The same applies to many of the indices in proxy thermal
stress and thermal strain classes; however, these indices, al-
though less reliable, are often easier to calculate. Another con-
sideration is that, within the energy balance-based index cate-
gory, the evaluation process does not distinguish between the
more traditional procedure of energy budget modelling the
human body using two nodes (body core and shell) and the
more sophisticated multi-node method. However, both ap-
proaches share the limitations mentioned above.

The work reported here is the final part of a study of the 165
human thermal climatic indices found in literature. Others
have considered the topic (for example, Givoni 1969, Fanger
1970, Landsberg 1972, Driscoll 1992), but this study is the
first detailed, genuinely comprehensive, and systematic com-
parison that makes it simpler to decide which index might be
most appropriate for a particular application or investigation.

A key determinant of a worthwhile evaluation of a full
range of indices is that they should be compared with an
identical class or type of index. Based on earlier work, we
suggest six evaluation criteria. The exercise is essentially a
hypothesis regarding how one might go about the ranking
process. Clearly, the list of criteria may be condensed, expand-
ed, or altered, but we consider these six criteria provide a
reasonable framework for a full evaluation without excessive
complication. A danger in this kind of approach is that a user
of the work might simply pick the index with the highest
overall score and assume that it is always superior to other
indices in that classification category. In some instances, indi-
ces in the same class might be measuring different bioclimatic
factors. For example, in Class B, air temperature has a higher
score than saturation deficit (Table 2), but there are situations
where saturation deficit would be superior to temperature,
such as in comparing two separate ambient atmospheric con-
ditions that are “hot” but differ in terms of the moisture con-
tent of the air.

The choice between indices of thermal stress or indices of
thermal strain is important; the significance of which is often

not fully grasped. In terms of performance, the top indices in
the category of energy balance strain index score as well as
those in the top energy balance stress index category, but the
information they provide is quite different. The latter provides
a measure of thermal environmental stress imposed on the
human body, whereas the former afford a measure of physio-
logical strain on the body as consequence of thermal environ-
mental stress. Given that there are indices within both classi-
fication categories that perform well, the one selected for any
particular application will depend on whether an evaluation of
the environment is required, or whether the consequences of
this on the human body is the focus.

Conclusion

Human health, well-being, and comfort are a result of the
complex influence of many factors, one of which is the ther-
mal state of climatic environment. The latter involves the in-
terplay of a great variety of atmospheric variables such as air
temperature, humidity, wind and solar radiation as well as
physiological and behavioral variables such as activity levels,
clothing, posture, and the like. In reality, all these variables
come together in a complex way. The very large number of
human thermal climate indices that have been proposed over
the past 100 years or so is an indication of the perceived
importance within the scientific community of the thermal
environment and a desire to quantify it. The indices differ in
approach taken to approximate the significance of the human
thermal environment. They also vary considerably in type and
quality, as well as in many other aspects, but the extent to
which they provide a precise quantification of the thermal
environment has not been undertaken. To date, there has been
no comprehensive documentation, classification, and evalua-
tion of them. A three-part project set out to do this. This is a
report on the third and final part that aims to determine the best
performing thermal indices.

Based on a thorough search of the research literature, a
comprehensive list of 165 thermal indices was assembled ear-
lier by de Freitas and Grigorieva (2015). In the work, the
indices were classified into a series of eight mutually exclu-
sive categories. In the current work, the 165 indices are eval-
uated according to six evaluation criteria, namely validity,
usability, transparency, sophistication, comprehensiveness,
and scope. According to the method used, each grouping
was assessed separately, the indices within each classification
category being compared. An exhaustive classification and
evaluation of all the existing thermal indices has never before
been attempted.

Six evaluation criteria are used to assign a score for each
index that varies between 1 and 5, 5 being the highest and the
results reported in Table 2. The process is informed by perfor-
mance indicators shown in Table 1. The indices with the best
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performance of the eight primary classification categories are
those within the body-atmosphere energy balance (stress and
strain) classes. Although these indices are more sophisticated
in every respect, they are often based on models that have not
been validated. The same applies to many of the indices in
proxy thermal stress and thermal strain classes; however, these
indices, although less reliable, are often easier to calculate and
use. There is the added consideration that, since the character-
istics of the human body vary from person to person, the use
of a standardized human body could introduce errors. The
significance of this would depend on the intended use of the
index and thus its evaluation.

The work reported here is the final stage of a three-part
study of the all human thermal climatic indices that could be
found in literature. Others have considered the topic, but this
study is the first detailed, genuinely comprehensive and sys-
tematic comparison. The results make it simpler to locate and
compare indices. It is now easier for users to reflect on the
merits of all available thermal indices and decide which is
most suitable for a particular application or investigation.
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